
NATIONAL ADVISORY COMMInEE 
FOR AERONAUTICS -‘- -- 

TECHNICAL NOTE 

- No. 986 

NONDESTRUCTIVE MEASUREMENT 03' RESIDUAL AND EecTFOBCED 
. 

STRESSES BY MEANS OF X-RAY DIFFRACTION 

I - CORRELAT3Dd9STRAOT OF THE 

LITERATUD 

By George Sachs, Charles 'S. Smith, Jack D. Lcbahn, %-' 
Gordon E. Davis, and Lynn J. Ebert 

Case School of Applied Science .- 

ik. - --- -. 
Washingtffn 

September .1945 !r'.n,,; , . 
; : 



--- -- . - 
RESTRICTED 

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 
----- 

TECHNICAL NOTE NO, 986 

NONDESTRUCTIVE MEASUREMENT OF RESIDUAL AND ENFORCED 

STRESSES BY MEANS OF &BAY DIFFRACTION 

I- CdRRELATED ABSTRACT OF THE 

~ITBRA$~E 

By George S&Chsi Charles S. Smith, Jack D. I;ubahn; 
Gordon E:i Davis, and Iiynn J. Ebert 

SUMMARY 

From a study of the literature on this subject, it 
'appears that stress measurements by means of the X-ray 
diffraction method have found considerable application in 
solving both commercial and laboratory problens, 

However, an experinental and theoretical investiga- 
tion of numerous fautors which influence the practical 
execution of the X-ray method ahows that the conditions 
in connsrcial structures are not conducive to accurate 
stress determinations. b 

Two'selected problems that were investigated In detail 
will be discussed in a forthcoming report, The X-ray dif- 
fraction method revealed some fundamentally important facts 
regarding (a) the stress distribution in structures contain- 
ing sudden section changes and subjected to elastic or plastic 
straining, and (b) the stress distributioh within the bead of 
a weldment. However, the X-ray method does not appear suffi- 
ciently developed, at the present, to meet the requirements 
of a practical method of stress measurement, such as the fol- 
lowing: 

(a) The experimental technique should be simple, - 
{b) Any metal in a commercial condition should be sub- 

ject to the method. 
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(c) The calculations should be readily performable 
by means of graphs, tables,or graphical methods. 

(d) The results should be accurate and clearly ex- 
plainable: .- 

-. 
Thus the stress determinations by means of X-ray 

diffraction must be limited in the near future to research 
and development work, which allow a choice of the optimum 
metal conditions and exposure conditions for such work. 

INTRODUCTION 

The application of the X-ray diffraction method to the 
msasurement of enforced and residual stresses in metal has 
attracted considerable interest. However, at the present, 
this method fsnot sufficiently developed to permit a com- 
mercial application. 

Consequently, an attempt has been made, through the 
study of available information, its critical evaluation, 
and experimentation on variables in technique and on a few 
selected examples, to clarify the present situation regard- 
ing the feasibility of stress measurement. 

This investigation, conducted at the Case School of 
Applied Science, was sponsored by an-d conducted with the 
financial assistance of the National Advisory Committee for 
Aeronautics, 

During thjs work, the investigators were assisted to 
a considerable extent by other staff members of the Dopart- 
ment of Metallurgical Engineerfng, Case School of Applied 
Science, Particularly appreciated is the cooperation of 
Prof. K. H. Donaldson, Head of the Department, Mr. F, Miller, 
and Mr. D. T. Doll, 

* HISTORY 

. 
The only destruction-free method which fundamentally 

permits the determination of the strain and stress states 
in an externally or internally strained part is the X-ray 
method. The first attempt of X-ray stress measurement was 



NACA TN No. 986 3’ 

made in 1925 by Lester and Aborn (reference a), who measured 
the lattice parameter of a thin steel strip, subjected to 
tension, by means of a regular half-circular camera (fig. la). 
The strain (fig. 3) as measured by lattice parameter changes, 
however, could not be revealed with an accuracy sufficient 
for -practical application. Also, the var.ious types of cameras 
(fig, 1) available at that time permitted only the investi- 
gation of small articles, such as wire, sheet, or powder, but 
not of extended objects or structural parts. 

l 

t 

While various methods have been successfully developed 
for high precision measurement of lattice parameters, using 
small objects, a really nondestructive method became avail- 
able only in 1930 with the introduction of the flat-back re- 
flection camera (ffg. 2b) by Sachs and collaborators (refer- 
ences 56, and 7). This camera uses the generally applied L. 
principle that a high accuracy in X-ray diff.raction measure- 
ment can be obtained by the use Of the reflections with the 
largest possible diffraction aqgles, that is, bett1ee.n %j" 
and 90' (fig. 1). For reflection angle of YOo, or reversely 
reflected beams, the experimental errors become zero. In 
the regular Itpowder" methods (fig. la and lb) the line dis- .-L 
tances on one or both sides of the incident beam (fig. 4) 
are accurately measured. Film shrinkage and variations in 
the film to specimen distance are compen.sated by special 
calibration devices incorporated in the camera, or by the 
use of a calibration substance, such as rock salt. A further 
increase in accuracy and further simplification of precision 
measurements resulted from Van Arkells (reference 2) sugges- 
tion of placing the film in R regular cylindrical camera 
with the entering (incident).beam or pinhole system as cen- 
ter (fig. lc). Thus, the reflections close to 900 appear 
close to the center of the film (fig. 5) and their reflec- 
tion angles can be determined accurately as a difference -e 
(fig< 6): ' 

~~~(180 - 28) B 
360 

= 5 (i n radians) 

where 

e angle of diffraction - 

2B distance between two corresponding lines 

D distance between film and object 
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Applications of other'variations of this principle include 
a half-cylindrical camera (figs. Id and 2a and reference 3), ' 
a conical camera (fig, 2c and reference 9), and a cylindri- 
cal camera having the direct beam as axis~(fig, 2d and refor- 
ence 62). 

However, so far, only the flat-back reflection camera, 
provided with rotary. and rocking movements (see fig. 12) 
has become popular, because of the combination of ease of 
handling and high precis1on.x The term "back reflection 
method" today usually refers to the application of this 
type of camera. - - 

Thc first precision X--ray stres-s measurements were 
carried out by Sachs and Weerts (reference 6) with this 
camera, using a copper target X-ray tube. The object was 
a duralumin strip subjected to bending, The investigation 
yielded results (figs, 7 and 8) which have initiated ex- 
tended research into this field, For the investigation of 
iron and steel, cobalt and chromium target tubes supply, 
according to Van Arkel and Burgers (reference 10),.x more 
suitable radiation than a copper target, since the copper 
target tube causes excessive fogging of the film, Chromium 
radiation has been particularly recommended for heat-treated 
steels (reference 65). 

The theory of X-ray stress measurement has been dis- 
cussed by Aksenow (reference 4) in a general manner, Sachs 
and Weerts (reference 6) developed the relr.ti;no for back 
reflection. They applied the relations to sxposures taken 
perpendicular to the surface, yielding the strain in this 
direction or the sum of the two principal stresses in the 
surface. This simple procedure frequently has been found to 
be satisfactory for practical purposes (references 11, 12, 

'R. W. G. Wyckoff, The Structure of Crystals, 2d 'cd,, 
1931, Pp. 164 refers to this method as follows: 

'IResults of still greater accuracy can be obtained by 
using spectra reflected through angles of nearly 180' and 
recorded on photographic plate instead of filu, Ordinnriiy 
the purity of the material does not justify measurements of 
the maximum accuracy thus attainable," In the article by 
'2. S. Barrett, X-ray Diffraction Equipnent and Methods, 
Symposium of Radiograph and X-ray Diffraction Methods, Am. 
sot. Testing Materials, 1937, pp. 193-229, 12 out of a total 
of 19 figures relate to the flat-back reflection camera or 
to results obtained by means of this camera. 
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14 tc 17, 20, and 30); Barrett and Gensamer (reference 18) 
and Haskell (reference 19) suggested the determination of 
the total stress state from measurements of several line 
distances in the film. However, the experimental measure- 
ment of the complete stress state usually follows the method 
developed by Glocker and his collaborators (references 21, 
22, 25, 26, 40, and 44). Four exposures, one in the direc- 
tion perpendicular to the surface and the other three under 
oblique.angles, are required to determine the stress 
state completely. Tho lattice parameter of the unstrained 
metal can be calculated also from the measurements on the 
strained part, If the directions of:tha principal stresses 
in the surface are known, three exposures are sufficient, 
Various methods suggest a further decrease in the number of 
exposures (references 44, 46, 47, 60, 61, and 63) by uti- 
lizing the fact that a complete reflection circle repre- 
sents the strains in various directions parallel to the 
elements of a cone. Thus, a single oblique exposure should 
be sufficient for a complete stress determination; the 
accuracy of such a methad is, however, not sufficiently 
high. 

One of the fundamental assumptions of the X-ray stress 
. measurement method is the absence of stress perpendicular to 

. a the surface in the extremely thin metal layer which produces 
the reflected beam, This assumption has been discussed in 
detail'and studied by Kurdjumow and collaborators (refer- 
ences 27, 35, 36, and 37). 

. 

EQUIPMENT 

Any type of equipment which produces high voltage can 
be used for X-ray.stress measurement, the highest required 
voltage being approximately 40,000 volts, 

Both gas (or ion) tubes and electron tubes have been 
used, the latter to a considerably larger extent, The air 
or oil-cooled electron tube requires less space and auxil- 
iary equipment and is, therefore, more suitable than the 
gas tubo for portable units (fig. 9). The principal problem 
regarding the tube is the delivery of sufficient intensity 
for'a considerable time, ranging from 5 minutes to many 
hours, It appears that the rotating target tube may offer 
the final solution: but so far no stress measurements have 
been carried out with this newest and expensive type of tube, 
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. 

. 

The target metal has been discussed already. While's 
copper target is suitable for aluminum alloys, cobalt targets 
and, to a minor extent, chromium.targets have been used for 
the investigation of iron and steel. Iron target tubes have 
been recommended for stress measurement on magnesium alloys 
(reference 55). 

Portable, shock and ray proof tube stands (fig. 9) for 
X-ray stress measurement have been built in Germany (refer- 
ences 31, 41, and 47). A simple method of securing accurate 
rotation of the tube by a predotermined angle has been pro- 
posed by DeGraaf and Osterkamp (reference 50 and fig. 10). 

The flaLback reflection camera is generally used. It 
has been developed from the original separate form (fig. 11) 
to an attachment of the tube (references 15 and 24 and figs. 
9 and 12). The rotational movement around an axis perpendic- 
ular to the film (reference 4) permits the investigation of 
fairly large-grained metals, However, such a movement will 
average the stresses present in various directions. The re- 
sulting'deviation can be reduced by rocking motion or a ro- 
tation (limited) to a certain angle from the desired posi- 
tion, 
25). 

according to Gisen, Glockar, and Osswald (reference 
If an exposure is taken on iron under 45O, and the 

part of the reflection circle close to the metal surface is 
used, the follow5ng average errors (reductions of stress) 
in the stress determination result under the most unfavorable 
conditions: 

Rotatfon 
(ded I 

Maximum average error 
(percent) 

f15 -0.5 
. 

*0 -1.7 

f45 -3.7 

rt60 -6.4 

390 -13.0 

* 
, Thus, rotations up to SO0 cause only an insignificant error 

in the final stress, and rotations up to &60° might be used 
a with only a slight error in stress. Full rotation is permis- 
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sible if the exposure is taken perpendicular to the surface, 
The resulting error is approximately -7 percent, ' 

An important part of the camera is the pinhole system, 
which determines the intensity of the utilized X-ray beam 
and to a certain extent the width of the diffraction lines 
which must be measured. In laboratory work, the X-rays are 
frequently limited to a narrow cylindrical beam by means of 
two circular pinholes, in order to restrict ,the invastiga- 
tion to a small spot on the surface of the 'metal, The spot 
is usually between 0;020 to 0.040 inch (l/2 to 1 mm) in dia- 
meter. This restriction will not apply to most commercial ' 
objects, and it will be sufficient for many purposes to de- 
termine the average strain and stress in an area of approxi- 
mately l/4 inch in diameter. 

ior special.purposes the use of a beam of rectangular 
cross section is recommended, This rectangular cross-sec- 
tional beam is obtained by means of a single slit in con- 
nection with the line shaped focus of the tube (reference 
68). However, Ifsharp" diffraction lines from such large 
reflecting areas can be obtained only by applying the well- 
known focusing.principle (reference 24 and 'fig. 13) which 
has been utilized frequently for other types of diffraction 
work, The meaning of this general geometrical condition is 
that a beam of light originating-from a point also ref.loots 
back into a sharp point if the origin, the reflecting sur- 
faqe, and the image are located on the surface of the same 
circle. The application of this principle to back reflec- 
tion in the perpendicular and oblique directions is illus- 
trated in figures 13b and 13~. In the arrangement of fig- 
ure 13c, it is necessary to block off from the X-rays the 
side of the film marked F 
with the film rotated 1806. 

and make a subsequent exposure 
This refinement has been little 

used, however; it is more customary to use arrangement 13b 
for an oblique picture and to accept the small defocusing 
which results, Regarding th-e size of the usable beam, it 
has beon recommended that the focusing pinhole be 0,024 
inch (0.6 mm) in diameter and the front pinhole 0.040 to 
0.080 inch (lto 2 mm) in diameter, However, it should be 
possible to use a much larger front pinhole and correspond- 
ingly to reduce the exposure time, in many cases. 

The lining up of the pinhole system with a desired spot 
on the surface of the subject is achieved by means of some 
simple device, such as a sleeve on the pinhole system. 
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DX:EtBIMENTAL PROCEDURE 

a 
In order to determine a lattice parameter with a high 

accuracy, generally three methods are applied. Pirst, the 
distances from the film to the camera and from the direct 
beam to the reflection lines are measured very accurately. 
This is done by means of calibration mark8 incorporated in 
the camera and reproduced on the film. This principle can- 
not be applied to.the flat-back reflection camera which 
does not possess a definite distance between Silm and ob- 
ject. Second, the mutual position of at least two lines 
permit8 the calculation at the lattice parameter without 
accurate knowledge of the distances which.are also dis- 
torted by film shrinkage (references 2 and 5). This method 
is tedious, particularly if appliod to parameters which are. 
affected by elastic strain (reference 6). The third and 
generally applied principle utilizes a calibration substance 
(references 7, 11, 12, and 14), usually silver or gold which 
is attached to the surface of tho investigated object for 
the stress measurements. 

The resulting X-ray film will Show, in its ideal, four 
lines on each side of the direct beam which is in the center 
of the film for four full circles with the beam as center 
(fig. 14c). Two of these lines are the I&--doublet of a 
diffraction line of the, investigated metal, the other two 
lines represent the I&-doublet of a diffraction lint of 
the calibration substance. 

” 

The lines of the object, however, are frequently quito 
different from this ideal shape (fig. 14). There aro two 
types of metal conditions which might seriously impair the 
accuracy of stress measurement (reference 25), spotty lines 

- (fig. 14%) appear on a stationary film if an annealed metal 
has big crystals, Such films cannot be measured accurately. 
It is recommended first'that 0.005 to 0,010 inch of metal be 
pickled off the surface in order to remove scale, oxide, and 
the frequently distorted (i.e., by grinding, polishing, 
straightening) surface layer (reference 32). In applying 
the calibration powder, care has to be taken to dimension 
the quantity so as to give both the lines of the investi- 
gated metal and those of the calibrating substance in approx- 
imately equal intensities, A suitable method of application 
consists of spraying some of the gold or silver powder on 
Scotch tape and gluing the Scotch tape to the metal surface. 
Rotation (fig. 7) and the focusing principle (fig, 14) will 
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considerably improve ;he appearance of the film: in many - 
cases annealed metal8 can be satisfactorily subjected to 
X-ray stress me*rsurera(.nts. Howeve'r, '.f the grains are very 
large, the diffractioa, lines might be displaced and irrow- 
lar, Or they might COr.SiSt of several streaks (reference8 
66 and 67). Tkis conbition renders an accurate measuremgnt ' 
impos8ible, 

. 

The other condit.'.on of the metal which presents dif- 
ficultios on X-ray St!*tiSS measurements is characterized by 
the merging of the Kedoublet into a broad line with an 
apparently continuous intensity distribution (fig. 15). 
Cold work and k.eat treating.of steels create such an appear- 
ance. However, while it is impossible to measure such a.. 
film accuratel:r by violua.1 means, the photomoter might fre-- 
quently be omp'LOY8d tcv obtain the required accuracy (refer- 
ence 25). It Las beert claimed also that, in this respect, 
chromium radiation is more suitable for the investigation 
of heat-treated steelu than cobalt radiation (rofcrenco 65). 
Otherwise, the accuracsy of measurements has been found the 
same for visual and fe3r photometric measurements. 

In the visual method, the center distances of the vnri- 
ous lines are measured by means of a simple neasuring device 
equipped with a vernier, or "comparator" (fig. 16). In the 

'photometric method, &he intensity of the lines is measured 
at frequent poillts arid recorded (fig, 17) and the distances 
between the maxima dr$termined, By repeating the measuring 
procedure a nunbor ot.' times, the tolerance of the measuro- 
nents can be usually brought down to fO.05 millimeter 
(320.002 in.), 

t 

* 

However, if the lines are very diffuse, as in figure 
15, the accuracy of the measurements will be considerably 
re'duced, In order to improve this condition, the follow- 
ing procedure has besn recommended (reference 64). The 
film should be taker?, without rotation to show t,he complete 
diffraction circles of both the investigated metal and.the 
calibration SUbstanCIe, The distance betweon the two 
lines must be moasulaed along 12 different radii and pl>ted 
against the angle wtlich each radius makes with some zero 
radius (fig, 18). :!hrough the individual points which nay 
scatter considerably*, a more accurate trend curve of the 
sine type uan be drczwn, The desired values can be taken 
from this curve wit11 an accuracy of f0.1 millimeter 
(*to.004 in.) even t1Lough the individual points scatter by 
as much as f0.5 nilliineter (*0.020 in.). 
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It has been clained that the Increasing width of the 
lines caused by cold-working can be used as a measure of 
the residual stress present in the metal, While this 
broadening of the diffractfon lines might be attributed 
to some "microscopicl~ stress between and within the crystal 
grains, this effect cannot be correlated with the "macro- 
scopic" stress or the residual stress which is being dis- 
cussed here, Only by means of-the accurate method, explained 
in the next section of this report,can the distribution and 
magnitude of the stresses be determined, - . 

Consfderable argument has arisen regarding the magni- 
tude of the elastic constants which must be used for the 
stress calculation (references 38 and 58). It appears, 
however, that the objections to the use of the common elas- 
tic constants have not been substantiated (references 42 
and 45). 

FUNDAMENTALS OF STRESS MEASUREMENT 
. 

Geometrical Relations 

The position of an arbitrary direction N (fig. 19) * 1 
in relation to a system of axes I, II, III, can be ex- 
pressed either by two of the three angles a, @, Y, which 
this'diroctio; includes with the three axes, or by the 
slongitude" and the "latitudeu Y = JI, where: - 

? 

cos a = a, 1 

the direction 
cosine 

p, 

co6 Y = a3 J 
2 2 

al '+a2 +a3 =l (2) 

Y 

(3) 
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a1 
2 

q,2 = - P2 
1-a32 

= a T2 C4) _ _ 

a12’ = q2 (l-p2), a22 = (1-q2) (l-p2) 15) 

These and other trigonometric relations can be par- 
ticularly well followed up in a stereographic projection 
(fig. 19b). The meaning of the.stereqgraBhic projection 
can be understood from a pompsrison with the common oblique 
projection (fig. lga). The principal features of the stere- 
ographic projectPon (or any circular projection) are the 
representation of directions by points and of ang.les by 
portions of great circles. 

Universal Laws of Elasticity 

The following universal laws of elasticity are of im- 
portance regarding,the problem of X-ray stress measurements: 

(6) 

e,E = sx - usy - us2 
eyE=sy- Usz- vsx ' 
e,E = sz - uSx - Vsy 

-. 
(7) _ 

e, = el x a12 + e2 x ~22 + e3 x a32 -- 

= (l-p2) e1 x q2 + e2 ( l-q2) + e3 x p2 - 3) 

SX = (l-p2) 91 x q2 + 52 (Lq2) + 53 x p2 (91 

Where: . . 

61~ 52’ 63 = principal stresses in directions I, II, III 
i 

eiJ 62' e3 = principal strains In directions I, II, III 
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5x9 5ye 82 = stresses in three mutually perpendicular 
. directions X, Y, 2 where X includes the 

angles a,, Bx, Yx 

ex, eyg e, - strains in three mutually perpendicular 
directions X, Y, Z where X includes the 
angles c+, BXS YX 

V = Poissonls ratio 

Laws of Elasticity for Surface Layers 

Regarding the stress and strain conditions in the 
layer which is accessible to the investigation with X-rays, 
the important assumption i6 made that this layer can be con- 
sidered as surface and free from normal stress. This AS- 

sumption has been the subject of a special investigktion 
(reference 37) and has been found to be valid. 

Thus the normal stress perpendicular to the surface 
is a principal stress. . 

Let the axis III and % be identical and perpendicular 
to the surface (fig. 21) so that: 

63 = Sz = 0 

eij = es 

VX 

This z.implifies theorela;.;ons (6.) to@(g) ;;$9~6;:~ 2: 

F “/f = 90 , p, = Py = , y = 90" - X' - It 

elE = 51 - us2 

elE = 62 - us1 

eE= 3 -U (51 + 62) 

_I __ . 

(10) 

e,E = sx - my 

eyE = ‘3y - vsx 

e,E = -v (Sx + sy) 

(11) 
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bx - ea) E = sx (1 + u) 

8 
Sx = S1 x qx + S2 Cl-sx2) 

\ 
sx + sy = 61 + ‘3, 

8x - sY i (51 - s2) (-1 + ax21 

= (51 - s2) X CO6 2ox 
, 

e 
X = elqx 2 + e2(l-qx2) 

.13 

mi 

(14) 

(15) 

(16) 

X-ray Measurement and Stress Components 

The simplest manner for the determination of a stress 
state consists of determining individually a number of 
(normal) stress components in selected directions in-the 
surface, It is sufficient to consider a single such direc- 
tion (X) (figs. 22 and 23). 

BY means of X-rays strains in the followfng directions 
may be determined: 

e3 in the direction normal to the surface (III), 

et and 0 " in directions (At and A") lying in the 
plane III-X and being determined by the respective values 
$' . and $1" or p: and p", CD' = @It = Qx or qfi = q"= q 

X9 

The stress sx can be then calculated from any two of 
these three values, combining first equations (8) and (16):. 

e'= (1-P'2)Celqx2+ e,(l-q,n)]+ esXp.la= (lqpt2)(eke3)+ e3 

& I’ = (l-p"*) (e, - es)+ e3 (17) 

. 
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et - eu = (pae - pfa) (ex - es) 

Then equations (17) or (18) and (12) are combined: 

5X 
= -- E bx-e3) 1rv 

E E et 
Z-X 

et- 83 - 03 
5X 

=- x -I- 

l+v l-p12 1-l-V sina 3rt 

E eI- et! E et - et1 

SX 
= -- x 

l+v pfl-p=-x 1-t-O . sin2 Qlr -ST- 

(18) 

(124 , 

(19) 

(20) 

5 
Thus,equation (19) permits the calculation of the stress 

component sx from two strain values in the normal and an 
oblique direction. This requires two different X-ray ex- 
posures (references 22 and 25). 

Equation (20), which uses two oblique atrain values, 
can be used also to determine the stress component (s ) 
from a single exposure, using the two parts of the diFfrac- 
tion line which belong to the intersection of the plane 
III-X (fig. 22) with the cone o f diffraction (references 
44 and 60). However, this procedure is not very accurate 
(reference 63). 

If the direction6 I and II of the principal stresses 
in the surface are known, equations (19) ande(20) can be 
used to calculate directly the principal stresses from a 
normal and two oblique exposures, yfelding three strains, 
the no,rmal and one each in the two planes III-I and III-II. 

Determination of the Principal Stresses 

and Their Direction 

However, if the directions I and II of the principal 
stresses are unknown, ft is necessary to determine three 
stress components in the surface, preferably sx ‘and sY 
perpendicular to each other, and a third stress sfx in 
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. 

a direction XI which includes the angle 8 with the di- 
rection X (fig. 24). in the-direction ?? 
perpendicular to X! 

The stress sly 
is then determfaed by equation (14): 

b sx + sy = s1 i- 82 = f+ + s ’ Y (14a) 

I 
I 8 ly = sx + By - dx (14b) * 

The difference of the principal stresses can be calculated, 
using equation (15): 

s1 - BP sx- =x x m--5 
ox- sf 

=:-- Y 

cos 2Qx co9 2@'= 

t 
where 

c 4’ X = ‘px + 6 

Three of these relations for instance: 
. 

Sl + 82 = sx + 8 Y 

=x - sy 
=1- =2 = ---- 

co9 zip, 

S’ s1 - 82 = x -2L- 
CO6 2@=+ 28 

(22) 

(144 

(22a) 

mw 

may be selected and solved for the unknowns 
CPx: 

SlI 621 and 

2s1 = sx ' ' 1 -I- - ) + sy (1 - ;&x) (23) ' -- 
COB 2@, 
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2s2 = sx 
( 

l- - 1. 
CO8 2Qx 

)+ sy (1 + $--J (24) 

St=- sry cos (zs, + 26) 
--II- = - - 

=x- Sy CO8 2@, 
(25) 

Equation (25) may be also written: 

81x - =‘e = co= 26 - tan ?a, sin 26 (25) 
sx- =y 

Since tan Q, = tan u *180° an ambiguity as to principal 
stress direction occurs. Two possible values of ax rs- 
suit from equatfon (25), differing by 900. One value is 
the angle between sx 

while the other ox 
and the larger of the pair s1 and 

82 value is the angle between sx 
and the smaller of the principal stresses. This situation 
has caused some confusion in the literature (reference 25) 
because of the usual convention that s1 5 s2, which con- 
vention does not necessarily apply here. 
occurs if one of the Qx 

No difficulty 
values computed from equation (25) 

is adopted and used in equations (23) and (24) to compute 
81 and 529 The ax value us'ed is then by definition the 
angle between sl and sm. The s1 computed may be either--- 
smaller or larger than s2, 

Strain and Lattice Parameter 

So far strain values e, have been used throughout the 
calculations. T.he definition of the strain is: 

. 
. e d - do =-- 

dO 
( 26 ) 

--- where d is the measured lattice plane distance, and do 
the value'of this plane distance in the unstrained condition., 
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Thus, to determine a strain exactly, the plane distance 
in the unstrained condition must be known, 

However, the equations determining the stresses con- 
tain strains only as strain differences, such as, in eque 
tion (19): etx - es, ,which is consequently: 

df,- ds 
et - es=--- 

X L do . 
(27) 

where df X Is a measured plane distance in an oblique di- 
rection, and d, the measured plane distance in the normal 
direction,. 

This equation can be replaced within the limits of 
accuracy by the following equation: 

dl, - d, 
eIx- es=-- 

ds 

This formula contains only the direotly measured 
lattics plane distances dl, and d, in the stressed 
.conditfon, Thus, in practice, a stressed part may be 
analyzed without knowing the lattice parameter in the 
unstressed condition. 

Regarding the cubic metals, any change of the plane 
distance may be considered also as a change of the lattice 
parameter (a): 

. where' 
plane. 

h, k, 1, are the Miller indices of the particular 



. 
NACA TN No. 986 18 

RESULTS OF X-RAY STRESS MEASUREMENT$ 

Laboratory Experiments on Known Stress States 

The feasibility of X-ray -stress measurement has been 
tested in numerous cages by investigating known stress states, 
such as tension, bending, and torsion, 

The s'tress state can be produced in the easiest manner 
by bending, and, therefore, it has been the subject of a 
number of investigations on duralumin (reference 6 and 
fig. 8) and steel (references 15, 23, 48, and 64, and fig. 
25). Another favored laboratory test is torsion, which 
yields on the surface prinoipal stresses of the same magni- 
tude but different signs under f45o to the longitudinal 
axis. The investigation of twisted steel bars (references 
21, 22, 25, 42, and 60) has been used as a test for the 
applicability of complete X-ray measurements of the stress 
state. The torsion of magnesium alloys (reference 44) has 
been also subject of an investigation. Furthermore, some . 
experiments have been carried out on bars subjected to 
tension (references 15, 23, and 44) and on tubing subjected 
to internal pressure (references 21 and 22). 

The stresses created by tension or internal pressure 
can be obtained accurately from the applied load, However, 
ff bending, tension or torsion progresses into the plastic 
region, the stresses in the metal cannot be calculated ac- 
cording to the rules of elasticity, With increasing,load, 
the stress, therefore, deviates from the straight line re- 
lation, starting at a rather poorly defined load, icrith 
duralumin (fig, 8) a further increase of stress with in- 
creasfng load (after surpassing this critical load) has been 
observed (reference 3). The stress in the surface,layers of 
steel bars or shapes (fig, 25) is apparently relieved below 
the value of the yield pofnt when the first pronounced plastic 
flow occurs (reference 63). This is particularly interesting, 
since it has been concluded from measurements with strain 
gages that the stress in nonuniformly strained soft steel 
can become considerably higher than the yield point in the 
highest strained fiber, However, strain gages do not dSs- 
tinguish between elastic and plastic strain, and, very small 
and unrecognizable plastic strains might, therefore, mate- 
rially affect the results of con+entional stress measurements, 

. 
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Investigations on the Effect of Stress Raisers 

One important application of Kray stress mcasure- 
ment is the determination of the peak stresses and stress 
distribution introduced by stress raisers, The effect of 
stress raisers can be calculated to a very limited extent 
only, that is, for a few simple cases such as bores. The 
study of photoelastic modele can be applied only to flat 
bars. The effect of overstrain appears to introduce a 
considerable uncertainty, as previously mentioned. 

The circumferential stress present around the trans- 
verse bore of a twisted rod has been measured by Gisen, 
Glocker, and Osswajd (reference 25). The rod was subjected 
to a nominal stress (in the cylindrical section) of *11,500 
psi. The reflecting area was limited to 0.03%inch diameter 
by means of a celluloid plate provided with a hole. The 
resulting stress (fig, 26) corresponds to the laws of elas- 
ticity, the peak stress, 45,000 pal, being four times the 
nominal stress and slfghtly below the yield point of the 
steel (47,000 psi). No residual stress was retained after 
unloading, and the applied stress state had been, therefore, 
an elastic one, 

Th,e same type of test has been also extended to a lotid 
which would produce a peak stress of 60,QOO psi if-the steel 
remained elastic up to this value (reference 31). 
the actual stress distribution curve (fig, 27) 

However, 
showed a con- 

siderably lower peak stress of only approximately 35,000 psi 
which is below the yield point of the steel (47,000 psi). 
After unloading, high residual stress was retained. 

The stress concentration factors for steel tension test 
bars provided with 7Q" notches hav$ng various depths and a 
radius of l/16 of the rod diameter at the bottom were deter- 
mined by Kraechter (reference 57 and fig, 28). . [The test 
bar diameter has not been reported,] The peak stress in- 
creases first, and then again decreases with increasing 
notch depth, approaching a uniform stress distribution with 
a very deep notch, . 

While it has been reported that X-ray stress meas-We-- 
ments are carried out in Germany on airplane assemblies, no . 
detailed account of such work has been published as yet. 

. 
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Measurement of Residual Stresses 

I 

20 

Another important application of X-ray stress measure- 
ment is the determination of residual stress introduced by 
heat treating or cold working, The residual stresses can 
be determined by numerous methods, most of which involve a 
destruction of the object. For many purposes, the deter- 
mination of the surface stresses only should be sufficient. 

The residual stresses retained in bont steel bars 
(fig, 25) and bored and twisted steel rods (figi 27) have 
been already discussed. Such residual stresses created by 
overstraining apparently can be determined with high accuracy. 
Residual stress up to 40,000 psi (fig. 29) have been found 
to be present in commerical dur.alumin shapes formed from 
tubing (reference 33). The stress distribution in the vicin- 
ity of a Brinellindentation is illustrated in figure 30. A 
few measurements have been also made regarding the stresses 
present in gun barrels subjected to the autofrettage or ex- 
panding process (reference 64). 

The residual stresses present in heat-treated steels 
can be also determined with a fair accuracy, according to 
Gisen, Glocker, and Osswald (reference 25). Some divergent 
results which appear to disagree with the precise stress 
determinations by the boring method (reference 29 and figs. 
31 and 32) have been explained by the introduction of addi- 
tional stresses at the surface during machining, Machining 
operations of surfaces to be subjected to X-ray measurements 
must be avoided, or a layer of 0.005 to 0.010 inch thick 
should be pickled off the distorted surface (reference 35). 
This effect is probably also respondible for the varying ro- 
suits obtained by Kurdjumow and collaborators (references 
35 and 37) regarding the residual stresses present at the 
surface of parts machined from a quenched steel bar, 

High residual stresses were found by means of X-rays 
in the surface of hot-rolled steel shapes (reference 28). 

A number of X-ray stress measurements have been carried 
out on welded steel parts (references 13, 28, 31, 33, 64, 
and 69). Tension stress up to 40,000 psi was .found at the 
surface of the welded bead, while both high tension and high 
compression stress may be present in the parent metal near 
the bead. 
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. Vibrational Stresses 

The stresses present in test specimens subjected to 
repeated torsion have been determined by means of a syn- 
chronously rotating screen system. Tests on steel and 
duralumin bars provided with a transverse bore (references 
41, 43, 53, 54, and 68) show that the peak stress remains 
unchanged up to the stress which develops a fatigue crack. 
After the appearance of cracks, the stress peak' ts reduced; 
residual stress is retained after unloading, A few addi- 
tional tests have been made on steel bars, subjected to 
repeated bending and tension-compression stresses (refer- 
ence 59). 

Department of Metallurgical Engineering, 
Case School of Applied Science, 

Cleveland, Ohio, October 1942. 
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a b 0 d 

X = Direct beam F = Film 
0 = Object S = Split or pinhole system 

Figure l.- Diagrammatic representation of various X-ray powder 
method cameras. 

a, Regular half circular camera 
b, Regular circular camera 
c, Back reflection circular camera 
d, Back reflection half circular camera 

0 b C 
e 

Figure 2.0 Diagrammatic representation of various 
t ion cameras. 

a, Half circular camera 
b, Flat film camera 
c, Conical camera 
d, Axial cylinder camera 

d 

back reflec- 
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Figs. 3,lO 

Figure 3.- Stress-strain curves .of low-carbon steel as 
determined both by means of X-rays and 

mechanically, (1). . 

ROTAT I ’ 

Figure lO.- Arrangement of X-ray.tube for stress measure- 
ment, (50). 
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Interference lines of the K. mdlations of Cu. 

Figure 4.-“Powder’! S-ray diffraction pattern reffections at small 8 appear at the cent.er of 
the film. 

Cylindrknl tllm ~rpendbular to the lkht beam. 

Figure 6.-“Powder” pattern made with the camera loaded for back reflection measurements. 
Reflections at large 8 appear a.t the center of the film. 

. 
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X-RAY 
BEAM 

FILM IN BACK II 

Figs. 6,7 

REGbLAR FILM 

Figure 6.- Relation between line distancs and 
diffraction angle in back reflection. 

Figure 7. 
DEFLECTION - IN. 

. 

. 

- Changes in lattice parameter 
duralumin caused by bending, 
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. 

Figure 9.-Portable X-ray diffraction 
unitforstress measurement. 

Figure 8: -Precision back reflectioq 
S-ray patterns used to 
measure stresses in duralu 
min subjected to bending. 

. 
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Figure 13.0 Focusing conditions. 

a, Ciroular camera 
b, c, 

> 
B&k reflection Perpendicular surface 

Oblique surface 



NACA TN No. 986 Figure 14 

la) A non-tocusfng camera with stetlonary film. 

- 

- 

.: 

(01 A ~OCUS!~~ camera with the Elm rotated. 

Figure 14.-X-ray diffraction patterns. 



NAC!A TN No. 986 Figures 15, 16 

Figure 15.-Diffraction pattern show- 
ing the R, doublet merged 
into a single broadline. 

Figure l&-Comparator for measuring 
diffraction patterns. 
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Figs. 17,18 

Figure 17.- Lficrophotometer trace of an X-ray 
diffraction pattern. 
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c Figure 18.0 Distanoe between steel and gold lines 
at various points of the diffraction 

circle, (64). 
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Figure 22.- Direotion atigles Figure 23.- Direction angles 
of a direction Al of two directions 

in the plane LSI: - X. A' and An corresponding to two 
opposite points of a single 
film. 
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Figure 24.- Definitions of angles for the 

stresses. 
graphical solution of principal 



NACA TN No. 986 Figs. 25,26,27,28 
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Figure 25.0 Load stresses and 
residual stresses 

in a bent bar of triangular 
section, (48). 
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Figure 21.~ Circumferentiai 
stresses at edge 

of bore in a plasticall twist- 
ed bored steel rod, (26 Y . 

Figure 2; .- Circumferen- 
tial stress at 

edge of.bore in an elaeti- 
tally-twisted bored steel 
rod, (25). 

Figure 28.- Effect of'notch 
depth on peak 

stress in notched tension 
test bars, (57). 
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Figure 30.- Residual stresses 
in vicinity of 

ball indentation, (60). f6000 

Figure 29.0 Residual stress 
at surface of 

various sections of. duralumin 
shape formed from a tube, (33). 
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Figures 31 and 32.0 Residual stress on surface of stegl rods 
bored in ste 

P 
s, and effect of surface 

treatment on X-ray measurement, 271, (46). 


